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The fundamental process of placental trophoblast cell fusion (syncytiotrophoblast formation or syncytialisation) which is a characteristic
of this tissue is poorly understood. Pre-eclampsia is associated with placental hypoxia and suppressed syncytiotrophoblast formation. We
therefore have studied the effect of low-oxygen tensions on the rate of cell fusion, relative abundance of mRNAs encoding syncytin and its
receptor, amino acid transport system B0, which are thought to be involved in trophoblast cell fusion (as well as the activity of amino acid
transport through this system) in a cell model of syncytialisation (BeWo cells following forskolin treatment). Forskolin-induced cell fusion
(determined by a quantitative flow cytometry assay) was reversibly suppressed in 2% oxygen compared to 20% oxygen. This was associated
with suppressed secretion of human chorionic gonadotropin. Forskolin stimulated relatively less syncytin mRNA (determined by reverse
transcription–polymerase chain reaction) in 2% than in 20% oxygen and there was no stimulation after 48 h in 2% oxygen. There was a
spontaneous, time-dependent increase of amino acid transporter B0 mRNA in vehicle, which was suppressed by 2% oxygen and by forskolin
treatment in 20% oxygen. Forskolin-induced changes in amino acid transport system B0 function were not seen in cells cultured for 48 h in
2% oxygen. These observations suggest that under conditions of low ambient oxygen, dysregulation of expression of syncytin and of its
receptor may suppress the normal process of cell fusion necessary for syncytiotrophoblast formation and contributes to syncytiotrophoblast
abnormalities characteristic of pre-eclampsia.D 2003 Elsevier Science B.V. All rights reserved.Keywords: Syncytiotrophoblast; Cell fusion; Oxygen; Placenta; BeWo cell
1. Introduction oblast cell fusion process (syncytiotrophoblast formation orThe trophoblast surface of the human placenta forms a
syncytium (the syncytiotrophoblast) which is built from the
underlying cellular cytotrophoblast. The syncytiotropho-
blast layer, in direct contact with maternal blood, plays an
important role throughout pregnancy because it is the site of
many placental functions, including nutrient exchange and
the synthesis of steroid and peptide hormones which are
required for normal fetal growth and development. How-
ever, it is remarkable that little is known about the troph-0925-4439/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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E-mail address: yoshkudo@hiroshima-u.ac.jp (Y. Kudo).syncytialisation). Mi et al. [1] suggested that syncytin, a
protein encoded by an envelope gene of the recently
identified human endogenous retrovirus-W (ERV-W) [2],
may mediate placental cytotrophoblast fusion in vivo, and
thus be important in human placental morphogenesis. In
primary culture of isolated cytotrophoblast cells, the tran-
script levels of syncytin increase with the differentiation and
fusion of cytotrophoblasts into syncytiotrophoblasts [3].
Blond et al. [4] also showed that the ERV-W envelope gene
encodes a highly fusogenic membrane glycoprotein that can
induce syncytium formation upon interaction with the type
D mammalian retrovirus receptor. Recently, the type D
mammalian retrovirus receptor has been identified as amino
acid transporter B0 (ASCT2) [5]. Our recent experiments
showed that under normoxic conditions (20% O2), relative
mRNA abundance for syncytin is enhanced and for itsed.
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pressed in BeWo cells during syncytialisation by forskolin
[6]. It has been reported that placental syncytin mRNA
expression level is reduced in pregnancies complicated with
pre-eclampsia [7] and its extreme form, hemolysis, elevated
liver enzymes and low platelets syndrome [8]. Pre-eclamp-
sia is a disorder associated with maternal hypertension,
reduction in placental blood flow and placental hypoxia
[9]. The histological abnormalities of placentae in preg-
nancy associated with underperfusion and hypoxia are
characterised by cytotrophoblast prominence and abnormal-
ities in syncytiotrophoblast formation [10]. It also has been
demonstrated that trophoblast cell fusion and differentiation
are inhibited by hypoxia [11–13]. These observations have
raised the possibility that low oxygen may, via regulation of
syncytin gene expression, suppress trophoblast cell fusion.
To address this proposal, we now have studied in parallel
the effect of low-oxygen tensions on the rate of trophoblast
cell fusion and on the expression of mRNAs encoding
syncytin and its receptor (amino acid transport system B0
(ASCT2)) together with functional changes in amino acid
transport through this system using BeWo cells as a cell
model of syncytialisation.2. Materials and methods
2.1. BeWo cell culture
BeWo cells were maintained at 37 jC as monolayers in
Ham’s F-12 medium supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 U ml 1 penicillin and
100 U ml 1 streptomycin in a humidified atmosphere of 5%
CO2 and 95% air. Cells were subcultured by treating with
0.05% trypsin in Ca2 +- and Mg2 +-free phosphate buffer
saline (PBS) containing 0.02% ethylenediaminetetraacetate,
seeded in 35-mm plastic culture dishes and grown for 2–3
days to the stage of 50% confluence in a humidified
atmosphere of 5% CO2 and 95% air. At 50% confluency,
the medium was changed to one containing 100 AM
forskolin or vehicle (dimethyl sulfoxide) and incubated for
the indicated times at 37 jC in a humidified atmosphere of
either 95% air and 5% CO2 (20% O2) or 2% O2, 93% N2
and 5% CO2 (Invivo2 Hypoxia Workstation, Ruskinn Tech-
nology, Leeds, West Yorkshire, UK). At the end of the
incubation period, cells were more than 95% viable as
assessed by trypan blue dye exclusion. Cultures were
conducted in triplicate for each set of experiments to assess
reproducibility. The conditioned medium was collected and
centrifuged at 3000 g at 4 jC for 10 min to remove
cellular debris and stored at  70 jC until use.
2.2. Cell fusion analysis
The rate of cell fusion (syncytialisation) was measured
as described previously by flow cytometry [14]. ClonedBeWo cells expressing either a fusion protein of green
fluorescent protein and human histone H2B (H2B-GFP)
or a fusion protein of red fluorescent protein and the
mitochondrial targeting sequence from subunit VIII of
human cytochrome c oxidase (Mit-DsRed2) were mixed
at 50% and grown to the stage of 50% confluence. At
50% confluency, the medium was changed to one con-
taining 100 AM forskolin or vehicle (dimethyl sulfoxide),
and incubated for the indicated times at 37 jC in a
humidified atmosphere of either 95% air and 5% CO2
(20% O2) or 2% O2, 93% N2 and 5% CO2, or in 2% O2
for the first 24 h and then in 20% for the time indicated.
Cells were harvested by trypsinisation, fixed and the
number of single fluorescent (green or red) positive cells
(i.e., non-fused or non-detectably fused cells) and double
fluorescent (green and red) positive cells (i.e., detectably
fused cells) were counted using a fluorescence-activated
cell sorting (FACS) (EPICS Altra, Beckman Coulter, High
Wycombe, UK). Twenty thousand cells were analysed on
each sample.
2.3. Human chorionic gonadotropin (hCG) secretion
hCG secretion was determined by measuring its concen-
trations in the conditioned medium by an immunoassay kit
which specifically detects h-chain of hCG.
2.4. Thymidine, uridine and leucine incorporation
To estimate DNA, RNA and total protein synthesis in
BeWo cells, the degree of thymidine, uridine and leucine
incorporation into acid-insoluble material was measured by
the incubation of cells with culture medium containing
[3H]thymidine (1 ACi ml 1), [3H]uridine (1 ACi ml 1)
and L-[3H]leucine (1 ACi ml 1), respectively. After incuba-
tion for 1 h, cells were fixed to the dish and subsequently
washed three times with ice-cold 10% trichloroacetic acid.
The cells were then made soluble with 0.1 M NaOH and
0.1% SDS and an aliquot was taken for scintillation count-
ing.
2.5. RNA extraction and reverse transcription–polymerase
chain reaction (RT-PCR) analysis
Relative mRNA abundance of syncytin and amino acid
transporter B0 was analysed by semi-quantitative RT-PCR
using glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as an internal standard. Total RNA was extracted from
cultured cells with QuickPrep Total RNA Extraction Kit
according to the manufacturer’s protocol. RNA samples
were treated with DNase I before RT-PCR to remove any
contaminating DNA. The primers used in the subsequent RT-
PCR were as follows: syncytin [1], forward, 5V-
AGGAGCTTCGAAACACTGGA-3V and backward, 5V-
GTGAGCTAAGTTGCAAGCCC-3V; amino acid transporter
B0 [15], forward, 5V-GGCTTGGTAGTGTTTGCCAT-3Vand
Fig. 1. Effect of oxygen tension on cell fusion and hCG secretion in BeWo
cells. BeWo cells expressing either H2B-GFP or Mit-DsRed2 were mixed
and cultured with 100 AM forskolin (filled symbols) or vehicle (open
symbols) in 20% O2 or 2% O2 for the time indicated. Cell fusion was
analysed on a FACS (A) and hCG concentrations in the conditioned
medium were measured by immunoassay (B) as described in Materials and
methods. z,q, 20% O2; ., o, 2% O2. Data represent the meanF S.D. of
three separate experiments.
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GAPDH [16], forward, 5V-CGGGAAGCTTGTGAT-
CAATGG-3Vand backward, 5V-GGCAGTGATGGCATG-
GACTG-3V. The expected sizes of the PCR products are
494 bp for syncytin, 205 bp for amino acid transport system
B0 and 358 bp for GAPDH. One microgram RNA was
reverse transcribed into cDNA using oligo(dT)12–18 primer.
The reverse transcription reaction, containing 500 AM deox-
ynucleotide 5V-triphosphate, 25 Ag ml 1 oligo(dT)12 –18
primer, 10 unit Al 1 M-MLV reverse transcriptase, 3 mM
MgCl2, 75 mM KCl, 10 mM dithiothreitol and 50 mM
Tris–HCl (pH 8.3), was sequentially incubated at 25 jC
for 10 min, at 42 jC for 50 min and at 70 jC for 15 min
and cooled on ice. As a negative control for the absence
of exogenous DNA contamination, reactions run without
RNA or with RNA in the absence of the reverse tran-
scriptase revealed no amplified product (data not shown).
The synthesised cDNA (0.05 Ag equivalent to RNA) was
used for PCR amplification in a reaction mixture contain-
ing 200 AM dNTP, 1 AM forward and backward primers,
0.05 unit Al 1 Taq DNA polymerase, 1.5 mM MgCl2, 50
mM KCl and 20 mM Tris–HCl (pH 8.4). The PCR
conditions were: 94 jC for 3 min, 60 jC for 1 min
and 72 jC for 2 min; then 22 cycles (for syncytin and
amino acid transporter B0) and 20 cycles (for GAPDH) of
94 jC for 1 min, 60 jC for 1 min and 72 jC for 2 min;
followed by a 10-min final extension at 72 jC. The
amount of template cDNA and the number of cycles
were determined experimentally so that quantitative com-
parison could be made during the exponential phase of
the amplification process for both target and reference
gene. PCR products were separated on a 2% agarose gel.
Gels were stained with ethidium bromide. A single band
for each gene was observed at the expected size. The
intensity of either the target or GAPDH band for each
sample was quantitated using a gel documentation and
analysis system (GDS8000, Ultra-Violet Products, Cam-
bridge, UK) and the ratio of the two was used as a
normalised value for expression of each target gene. All
assays were conducted in triplicate.
2.6. Amino acid influx studies
After aspirating culture medium, each dish was washed
twice with pre-warmed (37 jC) PBS and cells were
depleted of intracellular amino acids by incubating in
PBS at 37 jC for 30 min to minimize any trans effects.
The influx of amino acid was initiated by replacing this
with pre-warmed PBS containing 2 AM L-[3H]alanine,
followed by further incubation at 37 jC. Other additions
are described in the figure legends. Following aspiration
of isotope solution, cells were quickly washed with ice-
cold PBS with 10 mM unlabelled L-alanine. Then, 0.1 M
NaOH and 0.1% sodium dodecyl sulfate solution were
added for solubilisation and aliquots were taken for liquid
scintillation counting and protein determination. The car-rier-mediated L-alanine influx rate was determined by
subtracting the diffusional component from the total influx
rate. The diffusional component was determined by meas-
uring the influx of 2 AM L-[3H]alanine in the presence of
50 mM unlabelled L-alanine. The system B0 mediated
influx rate was defined as the difference between the
influx in the presence of a-(methylamino)isobutyric acid
and the influx in the presence of a-(methylamino)isobu-
tyric acid plus 2-aminobicyclo-(2,2,1)-heptane-2-carbox-
ylic acid.
2.7. Protein estimation
Protein concentration of the cell extract was determined
by the method of Lowry et al. [17] using bovine serum
albumin as a standard.
Fig. 2. Effect of shifting oxygen tension on cell fusion and hCG secretion in
BeWo cells. BeWo cells expressing either H2B-GFP or Mit-DsRed2 were
mixed and cultured with 100 AM forskolin in 2% O2 for the first 24 h and
then in 2% or 20% O2 for the time indicated. Cell fusion was analysed on a
FACS (A) and hCG concentrations in the conditioned medium were
measured by immunoassay (B) as described in Materials and methods. z,
20% O2; ., 2% O2. Data represent the meanF S.D. of three separate
experiments.
Fig. 3. Effect of oxygen tension on thymidine, uridine and leucine
incorporation in BeWo cells. BeWo cells were cultured with 100 AM
forskolin (filled symbols) or vehicle (open symbols) in 20% O2 or 2% O2
for the time indicated and [3H]thymidine (A), [3H]uridine (B) or
[3H]leucine (C) incorporation was then determined as described in
Materials and methods. z, q, 20% O2; ., o, 2% O2. Data represent the
meanF S.D. of three separate experiments with triplicate assay.
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Differences between groups were analysed using an
ANOVA and results were considered statistically significant
at P < 0.05.
2.9. Materials
BeWo cells (passage number approximately 40) were
kindly given by Dr. S.L. Greenwood (Academic Unit of
Child Health, St. Mary’s Hospital, University of Man-
chester). [methyl-3H]Thymidine (25.0 Ci mmol 1 or 925
GBq mmol 1), [5-3H]uridine (26.0 Ci mmol 1 or 962
GBq mmol 1), L-[4,5-3H]leucine (53.0 Ci mmol 1 or
1.96 TBq mmol 1) and L-[2,3-3H]alanine (59.0 Ci
mmol 1 or 2.18 TBq mmol 1) were purchased from
Amersham Life Science (Amersham, Buckinghamshire,UK). Forskolin, a-(methylamino)isobutyric acid and 2-
aminobicyclo-(2,2,1)-heptane-2-carboxylic acid were
obtained from Sigma-Aldrich Chemical (Poole, Dorset,
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(Paisley, UK) and the human chorionic gonadotropin
(hCG) chemiluminescent immunoassay kit was fromEuro/DPC (Llanberis, Gwynedd, UK). QuickPrep Total
RNA Extraction Kit were purchased from Amersham
Pharmacia Biotech (Rainham, Essex, UK). Moloney mur-
ine leukemia virus (M-MLV) reverse transcriptase, oli-
go(dT)12–18 primer, deoxynucleotide 5V-triphosphate and
Taq DNA polymerase were from Gibco BRL. Deoxyribo-
nuclease I (DNase I) was from Promega (Southampton,
Hampshire, UK). All chemicals were of the highest purity
commercially available.3. Results
3.1. Effect of oxygen tension on forskolin-induced BeWo cell
syncytialisation
To determine the effect of oxygen tension on the rate of
cell fusion, BeWo cells were cultured in either 20% or 2%
oxygen in the presence or absence of forskolin and then the
number of fused cell was counted (Fig. 1A). Cell fusion was
stimulated in a time-dependent manner by the presence of
forskolin and peaked at 24 h in 2% oxygen and at 48 h in
20% oxygen after the initiation of forskolin treatment and
declined thereafter. The number of fused cell after culturing
for 48 h with forskolin in 2% oxygen was approximately
one third of that in 20% oxygen. An associated increase in
forskolin-induced hCG secretion by BeWo cells, a marker of
syncytialisation, was more marked in 20% oxygen com-
pared to 2% oxygen (Fig. 1B). When oxygen tension was
shifted to 20% after BeWo cells had initially been cultured
in 2% oxygen for 24 h, the number of fused cell was still
increased (Fig. 2A). hCG secretion was also increased when
oxygen tension had been shifted from 2% to 20% (Fig. 2B).
3.2. Effect of oxygen tension on DNA, RNA and total protein
synthesis in BeWo cells
The rates of DNA, RNA and total protein synthesis in
cells cultured in either 20% or 2% oxygen in theFig. 4. Effect of oxygen tension on the relative abundance of syncytin
mRNA and amino acid transporter B0 mRNA in BeWo cells. Total RNA
was extracted from BeWo cells cultured with 100 AM forskolin or vehicle
in 20% O2 or 2% O2 for the time indicated. (A) RT-PCR. The relative
abundance of syncytin mRNA(a), amino acid transporter B0 (ASCT2)
mRNA (b) and glyceraldehyde phosphate 3-dehydrogenase (GAPDH)
mRNA (c) were analysed by RT-PCR as described in Materials and
methods. The results presented are from a single representative experiment.
(B) Relative quantitation of syncytin mRNA (a) and amino acid transporter
B0 (ASCT2) mRNA (b). The intensity of either the target gene or the
GAPDH band was quantitated by using a gel documentation and analysis
system of PCR products and the ratio of the two was used as a normalised
relative abundance value of each target gene. Data represent the
meanF S.D. of three separate experiments, expressed as percentage of
control (i.e. values at 0 h). *Significantly different from values cultured
with vehicle alone ( P < 0.05). ySignificantly different from values at 0 h
( P < 0.05). zSignificantly different from values cultured in 20% O2
( P< 0.05).
Fig. 5. Effect of shifting oxygen tension on the relative abundance of
syncytin mRNA and amino acid transporter B0 mRNA in BeWo cells. Total
RNA was extracted from BeWo cells cultured with 100 AM forskolin or
vehicle in 20% O2 or 2% O2 for 48 h or in 2% O2 for 24 h followed by in
20% O2 for 24 h. The relative abundance of syncytin mRNA(a), amino acid
transporter B0 (ASCT2) mRNA (b) and glyceraldehyde phosphate 3-
dehydrogenase (GAPDH) mRNA (c) were analysed by RT-PCR as
described in Materials and methods. The results presented are from single
representative experiment. Cont, without culture; V, cultured with vehicle;
F, cultured with forskolin.
Table 1
Effect of oxygen tension on the relative abundance of syncytin mRNA and
amino acid transporter B0 mRNA in BeWo cells
Oxygen Syncytin (percentage of control) ASCT2 (percentage of control)
Vehicle Forskolin Vehicle Forskolin
20% 132.0F 6.1y 256.9F 12.4*,y 185.9F 10.3y 98.2F 6.4*
2% 77.7F 5.7y 81.6F 3.2y 108.9F 6.7 112.6F 8.7
2/20% 106.2F 7.1 192.3F 9.3*,y 165.4F 10.1y 98.7F 4.3*
Relative quantitation of syncytin mRNA and amino acid transporter B0
(ASCT2) mRNA. The intensity of either the target gene or the GAPDH band
was quantitated by using a gel documentation and analysis system of PCR
products in Fig. 5 and the ratio of the two was used as a normalised relative
abundance value of each target gene. Data represent the meanF S.D. of three
separate experiments, expressed as percentage of control (i.e. values without
culture).
*Significantly different from values cultured with vehicle alone
( P < 0.05).
y Significantly different from control ( P< 0.05).
Y. Kudo et al. / Biochimica et Biophysica Acta 1638 (2003) 63–7168presence or absence of forskolin were determined by
measuring [3H]thymidine, [3H]uridine and [3H]leucine
incorporation, respectively (Fig. 3). Thymidine incorpo-
ration was significantly suppressed 12 h after the initia-
tion of culture in 2% oxygen in either the presence or
absence of forskolin. In 20% oxygen, forskolin sup-
pressed thymidine incorporation 24 h after the initiation
of culture. Uridine incorporation was also lower in 2%
oxygen. It was stimulated up to 24 h and decreased
thereafter in the presence of forskolin in 20% oxygen. In
2% oxygen, uridine incorporation was greater in the
presence of forskolin up to 48 h. Leucine incorporation
showed a similar pattern to uridine incorporation.
3.3. Effect of oxygen tension on the relative abundance of
syncytin mRNA and amino acid transporter B0 (ASCT2)
mRNA in BeWo cells
The relative expression of mRNA encoding syncytin and
its receptor, amino acid transporter B0, following forskolin
treatment in either 20% or 2% oxygen was studied by RT-
PCR (Fig. 4). In vehicle alone, syncytin mRNA increased
significantly after 48 h in 20% oxygen, whereas in 2%
oxygen, the opposite change occurred, beginning at 24 h of
culture (Fig. 4B,a). In 20% oxygen, forskolin elicited an
earlier and greater response than vehicle alone, which
peaked at 48 h (1.9-fold relative to the vehicle control).
These data are similar to our earlier observations [6]. In 2%
oxygen, forskolin stimulated less expression of syncytin
mRNA (1.5-fold at 24 h of treatment, relative to the vehiclecontrol) and a relative decrease at 48 and 72 h. Thus, the
principle effect of culture in low oxygen was to attenuate
and then reverse the marked increase stimulated by forskolin
in high oxygen conditions.
In 20% oxygen, the expression level of mRNA for amino
acid transporter B0 increased time-dependently without
forskolin treatment (Fig. 4B,b). Whereas forskolin stimu-
lated the expression of syncytin mRNA in 20% oxygen, it
significantly suppressed that of transporter B0 mRNA in
comparison with the vehicle control. However, compared to
baseline expression, there was no consistent pattern after
forskolin stimulation. In 2% oxygen, there were no differ-
ences when culture in vehicle alone was compared with
culture after stimulation with forskolin. In comparison to
baseline transporter B0 mRNA declined, with or without
stimulation, until then 24 h and then recovered. Two percent
oxygen significantly diminished transporter B0 mRNA
expression compared with 20% oxygen but the differences
were more marked and consistent in vehicle than after
forskolin. In general, low oxygen had more prolonged and
pronounced effects on syncytin mRNA than on transporter
B0 mRNA expression.
When cells which had initially been cultured in 2%
oxygen for 24 h were shifted to a 20% oxygen environment,
mRNA expression level of syncytin and amino acid trans-
porter B0 showed a response to forskolin similar to that
observed in 20% oxygen (Fig. 5 and Table 1). GAPDH
mRNA was constant for each sample.
3.4. Effect of oxygen tension on L-alanine influx supported
by transport system B0 in BeWo cells
To determine the effect of hypoxia on amino acid transport
system B0 activity, L-alanine (2 AM) influx into BeWo cells
was determined under initial rate condition in the presence of
Na+ before and after forskolin treatment for 48 h in either
20% (Fig. 6A,a) or 2% (Fig. 6B,a) oxygen. Data show the
Fig. 6. Effect of oxygen tension on L-alanine influx in BeWo cells. L-Alanine influx over a 3-min period before treatment (control) and after 48 h treatment with
100 AM forskolin or vehicle in 20% O2 (A) or 2% O2 (B) was measured in a medium containing 2 AM L-[3H]alanine with or without 20 mM unlabelled a-
(methylamino)isobutyric acid (MeAIB), 20 mM MeAIB and 20 mM 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) or 20 mM L-alanine in the
presence of Na+. (a) Carrier-mediated influx rate defined by subtracting the diffusional component (determined by measuring the influx of L-[3H]alanine in the
presence of 50 mM unlabelled L-alanine) from the total influx. (b) System B0-mediated influx rate defined as the difference between the influx in the presence
of MeAIB plus BCH and the influx in the presence of MeAIB. Data represent the meanF S.D. of three separate experiments of triplicate assay. *Significantly
different from values cultured with vehicle alone ( P < 0.05). ySignificantly different from control ( P < 0.05).
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sional component from the total influx rate. The diffusional
component was determined by measuring the influx of 2 AM
L-[3H]alanine in the presence of 50 mM unlabelled L-alanine.
Total carrier-mediated influx was not changed following 48 h
culture in 20% oxygen in either the presence or absence of
forskolin. When cells had been cultured in 2% oxygen, total
carrier-mediated influx was decreased with or without for-
skolin treatment. To separate the transport pathways contri-
buting to total flux in the presence of Na+, the unlabelled
synthetic amino acid a-(methylamino)isobutyric acid [18], a
system A specific analogue, unlabelled a-(methylamino)iso-
butyric acid and unlabelled synthetic amino acid 2-amino-
bicyclo-(2,2,1)-heptane-2-carboxylic acid [18], a system L
specific analogue, or unlabelled L-alanine was added at 20
mM. System B0-mediated influx rate was defined as the
difference between the influx in the presence of a-(methyl-
amino)isobutyric acid and the influx in the presence of a-(methylamino)isobutyric acid plus 2-aminobicyclo-(2,2,1)-
heptane-2-carboxylic acid. L-Alanine influx mediated by
system B0 was decreased in cells treated with forskolin and
increased without forskolin in 20% oxygen (Fig. 6A,b). In
contrast, system B0-mediated L-alanine influx was sup-
pressed in cells cultured in 2% oxygen whether treated with
forskolin or not (Fig. 6B,b).4. Discussion
In this paper, we have demonstrated that low-oxygen
conditions suppress fusion of choriocarcinoma cells as well
as abnormal gene expression of syncytin and its receptor,
amino acid transport system B0. These effects were rapidly
reversed if the oxygen concentration was increased from 2%
to 20%. It therefore is possible that hypoxic dysregulation of
the genes encoding syncytin and its receptor may lead to
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ever, whether the effect of oxygen tension on the expression
of these two genes is direct or mediated by reactive oxygen
species is not clear from our study. It will be of interest to test
whether oxygen tension alters expression of GCMa, a pla-
centa-specific transcription factor, which recently has been
reported to regulate expression of the syncytin gene and
consequently trophoblast cell fusion [19]. Because the
present study was conducted using a human choriocarcinoma
cell line, it remains to be investigated whether the same
phenomenon is found in freshly isolated human trophoblasts.
Suppression of trophoblast cell fusion and differentiation
under hypoxic condition has also been demonstrated using
isolated trophoblast cell culture [11–13] and villous explant
culture [20] where the authors determined the rate of
syncytialisation by means of the disappearance of immu-
nostained E-cadherin or desmoplakin or the increased num-
bers of nuclei in fused cell observed, after fixation, by light
microscopy. In the present study, we have applied a fluo-
rescence-activated cell sorting-based assay for determining
the rate of syncytialisation [14]. This procedure allows more
precise analysis of syncytialisation and sequential quantita-
tion in living cells.
Increased cytotrophoblast proliferation in hypoxia has
been observed in isolated cytotrophoblast cell culture [21]
and in villous tissue culture [20]. However, our study using
the BeWo choriocarcinoma cell line showed decreased cell
proliferation determined by thymidine incorporation under
hypoxic conditions. This discrepancy is probably because
cells studied in these references [20,21] are extravillous
cytotrophoblasts while the BeWo cell line may have a
villous cytotrophoblast phenotype. It is known that the
effect of oxygen tension on cell proliferation and differ-
entiation has been reported to be cell type specific [22,23].
The effects of low oxygen on syncytiotrophoblast are
relevant to the maternal syndrome of pre-eclampsia, a major
complication of human pregnancy, with significant morbid-
ity and mortality. There is substantial evidence that the
clinical disease may be secondary to abnormalities of
placentation and the ensuing placental hypoxia owing to a
relative failure of the development of the utero-placental
circulation [24]. There is increased oxidative stress [25]
which becomes disseminated and contributes to maternal
endothelial cell activation and dysfunction [26]. In this
study, low oxygen in vitro was found to impair syncytial-
isation of BeWo. In pre-eclampsia, associated with placental
hypoxia, there is also a defect in syncytiotrophoblast for-
mation [10]. Syncytin expression in trophoblast is reported
to be reduced in pre-eclampsia and localised aberrantly to
the apical syncytiotrophoblast microvillous membrane
instead of on the basal cytoplasmic membrane [7]. Similarly,
placental syncytin mRNA expression levels are reduced in
pre-eclamptic pregnancies complicated by hemolysis, ele-
vated liver enzymes and low platelets in the maternal
circulation [8] or in pregnancies with fetal trisomy 21 [3]
in which syncytiotrophoblast formation is defective. Theimpact of impaired syncytialisation on chorionic villous
growth and maturation is unknown but it could contribute
to abnormalities found in pre-eclampsia. Because the syn-
cytiotrophoblast layer is central to nutrient and gas
exchange between mother and fetus and also to the synthesis
of hormones that are required for normal fetal growth and
development, abnormal syncytiotrophoblast cell fusion may
contribute to intra-uterine fetal growth restriction and hypo-
xaemia frequently associated with pre-eclampsia [27].
The present work provides some insight into mechanisms
that may underlie pre-eclampsia. Much further work is
needed to define the molecular basis for both syncytialisa-
tion and the consequences of placental hypoxia.Acknowledgements
We thank Dr. R. Branton for the FACS analysis and Mrs.
J. Bellinger for carrying out the hCG assays. Y. Kudo was
supported by the EP Abraham Trust, Sir William Dunn
School of Pathology, University of Oxford.References
[1] S. Mi, X. Lee, X. Li, G.M. Veldman, H. Finnerty, L. Racie, E. La-
Vallie, X.Y. Tang, P. Edouard, S. Howes , J.C. Keith Jr., J.M. McCoy,
Syncytin is a captive retroviral envelope protein involved in human
placental morphogenesis, Nature 403 (2000) 785–789.
[2] J.L. Blond, F. Beseme, L. Duret, O. Bouton, F. Bedin, H. Perron, B.
Mandrand, F. Mallet, Molecular characterization and placental expres-
sion of HERV-W, a new human endogenous retrovirus family, J. Virol.
73 (1999) 1175–1185.
[3] J.L. Frendo, P. Therond, T. Bird, N. Massin, F. Muller, J. Guibour-
denche, D. Luton, M. Vidaud, W.B. Anderson, D. Evain Brion, Over-
expression of copper zinc superoxide dismutase impairs human
trophoblast cell fusion and differentiation, Endocrinology 142 (2001)
3638–3648.
[4] J.L. Blond, D. Lavillette, V. Cheynet, O. Bouton, G. Oriol, S. Chapel
Fernandes, B. Mandrand, F. Mallet, F.L. Cosset, An envelope glyco-
protein of the human endogenous retrovirus HERV-W is expressed in
the human placenta and fuses cells expressing the type D mammalian
retrovirus receptor, J. Virol. 74 (2000) 3321–3329.
[5] C.S. Tailor, A. Nouri, Y. Zhao, Y. Takeuchi, D. Kabat, A sodium-
dependent neutral-amino-acid transporter mediates infections of feline
and baboon endogenous retroviruses and simian type D retroviruses,
J. Virol. 73 (1999) 4470–4474.
[6] Y. Kudo, C.A.R. Boyd, Changes in expression and function of syn-
cytin and its receptor, amino acid transport system B0 (ASCT2), in
human placental choriocarcinoma BeWo cells during syncytialisation,
Placenta 23 (2002) 536–541.
[7] X. Lee , J.C. Keith Jr., N. Stumm, I. Moutsatsos, J.M. McCoy, C.P.
Crum, D. Genest, D. Chin, C. Ehrenfels, R. Pijnenborg, F.A. van
Assche, S. Mi, Downregulation of placental syncytin expression and
abnormal protein localization in pre-eclampsia, Placenta 22 (2001)
808–812.
[8] I. Knerr, E. Beinder, W. Rascher, Syncytin, a novel human endoge-
nous retroviral gene in human placenta: evidence for its dysregulation
in preeclampsia and HELLP syndrome, Am. J. Obstet. Gynecol. 186
(2002) 210–213.
[9] C.W.G. Redman, Current topic: pre-eclampsia and the placenta, Pla-
centa 12 (1991) 301–308.
Y. Kudo et al. / Biochimica et Biophysica Acta 1638 (2003) 63–71 71[10] C.J. Jones, H. Fox, An ultrastructural and ultrahistochemical study of
the human placenta in maternal essential hypertension, Placenta 2
(1981) 193–204.
[11] E. Alsat, P. Wyplosz, A. Malassine, J. Guibourdenche, D. Porquet, C.
Nessmann, D. Evain Brion, Hypoxia impairs cell fusion and differ-
entiation process in human cytotrophoblast, in vitro, J. Cell. Physiol.
168 (1996) 346–353.
[12] D.M. Nelson, R.D. Johnson, S.D. Smith, E.Y. Anteby, Y. Sadovsky,
Hypoxia limits differentiation and up-regulates expression and activ-
ity of prostaglandin H synthase 2 in cultured trophoblast from term
human placenta, Am. J. Obstet. Gynecol. 180 (1999) 896–902.
[13] B. Jiang, A. Kamat, C.R. Mendelson, Hypoxia prevents induction of
aromatase expression in human trophoblast cells in culture: potential
inhibitory role of the hypoxia-inducible transcription factor Mash-2
(mammalian achaete-scute homologous protein-2), Mol. Endocrinol.
14 (2000) 1661–1673.
[14] Y. Kudo, C.A.R. Boyd, H. Kimura, P.R. Cook, C.W.G. Redman, I.L.
Sargent, Quantifying the syncytialisation of human placental tropho-
blast BeWo cells grown in vitro, Biochim. Biophys. Acta 1640 (2003)
25–31.
[15] R. Kekuda, P.D. Prasad, Y.J. Fei, V. Torres Zamorano, S. Sinha, T.L.
Yang Feng, F.H. Leibach, V. Ganapathy, Cloning of the sodium-de-
pendent, broad-scope, neutral amino acid transporter Bo from a hu-
man placental choriocarcinoma cell line, J. Biol. Chem. 271 (1996)
18657–18661.
[16] J.Y. Tso, X.H. Sun, T.H. Kao, K.S. Reece, R. Wu, Isolation and
characterization of rat and human glyceraldehyde-3-phosphate dehy-
drogenase cDNAs: genomic complexity and molecular evolution of
the gene, Nucleic Acids Res. 13 (1985) 2485–2502.
[17] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein meas-
urements with the Folin phenol reagent, J. Biol. Chem. 193 (1951)
265–275.[18] H.N. Christensen, Exploiting amino acid structure to learn about
membrane transport, Adv. Enzymol. Relat. Areas Mol. Biol. 49
(1979) 41–101.
[19] C. Yu, K. Shen, M. Lin, P. Chen, C. Lin, G.D. Chang, H. Chen,
GCMa regulates the syncytin-mediated trophoblastic fusion, J. Biol.
Chem. 277 (2002) 50062–50068.
[20] O. Genbacev, Y. Zhou, J.W. Ludlow, S.J. Fisher, Regulation of hu-
man placental development by oxygen tension, Science 277 (1997)
1669–1672.
[21] O. Genbacev, R. Joslin, C.H. Damsky, B.M. Polliotti, S.J. Fisher,
Hypoxia alters early gestation human cytotrophoblast differentia-
tion/invasion in vitro and models the placental defects that occur in
preeclampsia, J. Clin. Invest. 97 (1996) 540–550.
[22] C.C. Wykoff, C.W. Pugh, A.L. Harris, P.H. Maxwell, P.J. Ratcliffe,
The HIF pathway: implications for patterns of gene expression in
cancer, Novartis Found. Symp. 240 (2001) 212–225.
[23] A.L. Harris, Hypoxia—a key regulatory factor in tumour growth,
Nat. Rev., Cancer 2 (2002) 38–47.
[24] R. Pijnenborg, J. Anthony, D.A. Davey, A. Rees, A. Tiltman, L.
Vercruysse, A. van Assche, Placental bed spiral arteries in the hyper-
tensive disorders of pregnancy, Br. J. Obstet. Gynaecol. 98 (1991)
648–655.
[25] S.T. Davidge, Oxidative stress and altered endothelial cell function in
preeclampsia, Semin. Reprod. Endocrinol. 16 (1998) 65–73.
[26] J.M. Roberts, R.N. Taylor, T.J. Musci, G.M. Rodgers, C.A. Hubel,
M.K. McLaughlin, Preeclampsia: an endothelial cell disorder, Am. J.
Obstet. Gynecol. 161 (1989) 1200–1204.
[27] C.C. Lin, S.J. Su, L.P. River, Comparison of associated high-risk
factors and perinatal outcome between symmetric and asymmetric
fetal intrauterine growth retardation, Am. J. Obstet. Gynecol. 164
(1991) 1535–1541.
